In this study the network of ATP-consuming and -producing reactions, interacting via the cytosolic ATP/ADP+P, system, was studied for the first time in an intact organ, the isolated perfused rat liver, using top-down metabolic-control analysis. Flux control in the metabolically resting state (only oxidative phosphorylation and ion pumps active) was only in the ATP-consumers, whereas in the metabolically active state (biosyntheses and ion-pumping ATPases active) most control over oxidative phosphorylation was in itself and some control was in ion-pumping ATPases. All ATPconsumers had high control over themselves, and ion-pumping ATPases had high negative control over the other ATP-consuming branches. Oxidative phosphorylation had high positive control over ATP-consuming reactions exept for ionpumping ATPases. It is concluded that in the active state ATP-consumers compete for cytosolic ATP, but as the ion-pumping ATPases and oxidative phosphorylation are less sensitive towards the cytosolic ATP, other ATP-consumers have low control over these pathways.
Introduction
Metabolic-control analysis allows the quantitative description of the control structure of a metabolic system [l] . Thus a flux-control coefficient of an enzyme within a metabolic network indicates the extent to which the pathway flux is changed in the steady state when changing the activity of this one enzyme. Control analysis of oxidative phosphoKey words: bioenergetics, isolated perfused liver, top-down metabolic control analysis.
rylation has been performed extensively using inhibitor titrations in isolated mitochondria [2].
When studying bioenergetics in intact cells, however, a very complex network of ATP-producing and -consuming reactions has to be considered. Mitochondria in situ do not experience the two extreme steady-state conditions, state 4 (ATP-production close to zero) and state 3 (maximal rate of oxidative phosphorylation) due to the presence of cytosolic ATP-consuming processes. It has been reported that mitochondria in intact liver establish steady states between states 4 and 3 [3].
Further, in suspensions of isolated mitochondria oxygen gradients, like in intact cells and, even more, in intact tissue, normally do not exist [4] . These gradients probably will have a considerable impact on control of oxidative phosphorylation in the intact cell.
In this report the network of ATP-consuming and -producing reactions connected via the cytosolic ATP/ADP+P, system was studied in isolated perfused rat liver using top-down metaboliccontrol analysis. The aim was to measure the extent to which the different processes of ATP production and consumption interacted with each other via the ATP/ADP + P, system to determine each others' rates.
Methods
Perfusion of rat liver in situ Rats with body weights of about 200 g were fasted for 24 h with free access to water and anaesthetized with sodium pentobarbital (Nembutal, Sanofi, Bad Segeberg, Germany). A non-recirculating system [3] was used for liver perfusion. A cannula was inserted into the portal vein of the liver and T h e metabolic rates were calculated from the arteriovenous concentration differences of oxygen, glucose and urea, the perfusion flow rate and the liver wet weight and are expressed as pmol of substrate or product per g of liver wet weight per hour b m o l * g-' * h-'I.
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Top-down control analysis of livers from fasted rats
Scheme 1 shows the metabolic system used for control analysis. T h e ATP-turnover of the liver cell can be conceptually divided into four different ATP-producing or -consuming pathways with corresponding steady-state fluxes of A T P associ- ated with them (J). Livers from fasted rats have, due to the absence of glycolysis, only one ATPproducing system, oxidative phosphorylation, the flux of which was calculated in units of A T P as: J , = oxygen consumption x 5. T h e ATP-consuming pathways are defined as three blocks ; J , = flux of glucose production x 6, J , = flux of urea synthesis x 4 and J,,, = flux of the 'maintenance ' ATP-consumers. T h e latter is calculated as J , = J,-J,-J,, and thus is the rate of A T P consumption by all processes other than glucose and urea synthesis. T h e numbers by which the fluxes are multiplied are the A T P stoichiometries for the respective pathways. T h e central intermediate, at which all branches divide, is the cytosolic A T P system. 
Calculation of flux-control coefficients 161
T h e flux-control coefficients in this study are 'overall ' coefficients, which quantify the extent to which all the enzymes and transporters of one pathway control the rate of another pathway. T h e coefficient is defined as the fractional change in the steady-state rate of a pathway divided by the fractional change in the rate of another pathway causing the systemic change (extrapolated to infinitesimally small change). This coefficient is closely approximated by the percentage increase in the rate of the pathway caused by a 1 yo increase in the rate of the other pathway. A large fluxcontrol coefficient of one pathway over a second pathway means that a small fractional change in all the activities of the first pathway will cause a large fractional change in the steady-state rate of the second pathway. Flux-control coefficients in the intact liver can be calculated from the relative steady-state fluxes and flux changes occurring after perturbing the system by introducing a new pathway at the branch point between pathways 
Results and discussion
We have investigated for the first time in an intact organ the control which ATP-consuming and ATP-producing processes have over each other.
T h e application of metabolic-control analysis to an intact organ, however, requires experimental compromises and approximations, as follows.
Isolated rat liver perfusion
In a non-recirculating liver perfusion it is possible to ensure a defined and constant supply of substrates to the organ and to take samples during the experiment without decreasing composition and amount of medium. By this method we were able to establish defined mitochondria1 and cytosolic redox states of NAD+/NADH in the liver by infusing hydroxybutyrate and acetoactetate as well as lactate and pyruvate at defined ratios. This was a prerequisite for the application of top-down control analysis around a single central intermediate, the cytosolic ATP/ADP + Pi system (see Scheme 1 ), by inducing different steady states that would not be influenced by the redox states of the cell. T h e use of a haemoglobin-free medium developed by Scholz and Bucher [3] avoids the problem of degradation of erythrocytes and the interference of erythrocyte and liver-cell metabolism in metabolite analysis, and is cheaper and more reproducible. However, care has to be taken to sufficiently oxygenate the organ. This is granted by perfusion with oxygen saturated KrebsHenseleit bicarbonate buffer, which is infused against a certain back pressure established by the high flow (30 ml/min) and the cannulation of the vena cava superior. Despite this moderate pressure the haemoglobin-free perfused rat liver has metabolic rates similar to those obtained with isolated hepatocytes [5]. We were able to decrease the perfusion pressure by leaving the liver in situ where its position avoids unphysiological torsion, which always increases the back pressure.
Compared with hepatocytes the cells in the organ in situ are much less substrate-depleted, especially with regard to amino acids, which therefore have not to be substituted.
For calculation of flux-control coefficients we had to assume a fixed P:O ratio of 2.5, which was determined from the increase in oxygen consumption and gluconeogenesis/urea synthesis, induced by the addition of lactate + pyruvate/NH,HCO,.
Due to the relatively short duration of the experiment (60 min) and the perfusion with substrates exclusively yielding NADH as respiratory substrate, the assumption of a P : 0 ratio constant throughout the experiment appears reasonable. Table 1 shows the effects of adding various substrates and amytal to the liver. The perfusion started in the absence of substrates for gluconeogenesis or ureagenesis (Table 1 , state a), so that virtually all the ATP produced is used by maintenance ATP consumers, i.e. all ATP consumers other than gluconeogenesis and ureagenesis. Lactate and pyruvate were then added and this induced gluconeogenesis (Table 1 , state b), and stimulated ATP production but only marginally decreased A T P utilization by the maintenance ATP users. The flux control coefficients were calculated using the rates in (a) and the changes in rates from (a) to (b) using eqn. (1) above. Of the control over the rates of ATP production and consumption 99 % was in processes of ATP consumption (J,), while only 1 y' of the control was in A T P production (J,). This implies that in the resting-state ATP production is more sensitive than ATP utilization to changes in ATP, ADP and P,, and that in the resting state most of the control is in the ATP-consuming pathways. Ammonium carbonate was added further to the perfusion to induce urea synthesis, and we can see from Table 1 state (c) that this also increases A T P production, but decreases gluconeogenesis and has no significant effect on the rate of the maintenance ATP users.
Flux-control coefficients derived from substrate additions
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The flux-control coefficients in Table 1 Whereas in the metabolically resting state all the control over oxidative phosphorylation (J,) is in the ATP-consuming processes, this changes on transition to the metabolically active state, where oxidative phosphorylation not only has a high control over itself, but also over gluconeogenesis (J,). Control by gluconeogenesis over its own rate (J,) is high, but it has little control over oxidative phosphorylation and none over the maintenance ATP consumers. The maintenance ATP consumers have strong control over their own rates, as well as significant control over oxidative phosphorylation and strong negative control over gluconeogenesis (this means that if their activity increases then the rate of gluconeogenesis will decrease). The control coefficients in Table 1 In this highly active state most of the control over oxidative phosphorylation is located in oxidative phosphorylation itself, and oxidative phosphorylation has very strong control over the rates of gluconeogenesis and ureagenesis, but no control over the maintenance ATP-consuming processes. However, gluconeogenesis still has high control over its own rate, ureagenesis has control over its own rate, and the maintenance A T P consumers have control over their own rates.
T h e comparison of flux-control coefficients in the resting state (no substrates for gluconeogenensis and urea synthesis present) with the active and the very active states (just gluconeogenesis or gluconeogenesis and urea synthesis active) show clearly (i) that in the resting state all control is in the A T P consumers, whereas in the active states most control over oxidative phosphorylation is in itself and (ii) that A T P consumers have low control over A T P production, suggesting that oxidative phosphorylation becomes saturated with ADP and Pi. Interestingly, the maintenance A T P consumers (J,) have considerable control over their own rates under all conditions. Apparently they comprise reactions important for the survival of the cell that have to be active even at low cytosolic ATP.
